The spatial resolution obtained with magnetic force microscopy (MFM) using a carbon nanotube (CNT) probe is discussed. Magnetic Co nanoparticle acting as a catalyst on the top of CNT detects magnetic stray fields from the sample surface. We calculated the MFM signals for magnetic nanoparticles of various sizes, and the spatial resolution of this probe was estimated by taking into consideration the resolution limit due to thermal noise at room temperature (RT). We found that smaller diameter particles did not result in better resolution, but that there was an optimum size. We found the maximum resolution for a diameter of 7.7 nm at a quality-factor value of 3000 for a tip-sample distance of 8 nm. This diameter was almost the same as the critical size of superparamagnetic particles, which was approximately 8.0 nm. Therefore, we concluded that the maximum resolution was 8.0 nm for a diameter of 8.0nm.
Magnetic force microscopy (MFM) is a powerful tool for studying magnetic domain structures at microscopic levels, and it is widely used in the research and development of magnetic nanodevices. Images with 50-nm resolution are routinely obtained using commercial microscopes and magnetic probes. However, higher resolution is urgently required, because magnetic recording media are reaching higher densities. It is well known that MFM resolution is limited by the tip geometry and the spacing between the tip and sample. 1) Reducing the magnetic volume on the tip is a particularly significant factor in improving resolution.
The utilization of carbon nanotubes (CNTs) has been proposed to achieve reedy tips. 2) - 7) There have been two methods of fabricating CNT-based MFM probes: by mechanically attaching metal-filled CNTs or catalyst-attached CNTs under scanning electron microscopic (SEM) observations, 5) - 7) and by coating magnetic metal over preattached CNT probes. 2) -4) Kuramochi et al. reported that magnetic recording media up to 1100 kilo flux changes per inch (kfci) were clearly observed in the latter technique with a resolution of approximately 10 nm. 4) However, these methods require time-consuming mechanical attachments or multiple processes.
In previous work, we successfully fabricated CNT probes for MFM 8) by using microwave plasma-enhanced chemical vapor deposition (MPECVD). 9) This method make it convenient to fabricate CNT probes because the CNTs grow directly on the tip apex although the growth of only a single CNT cannot be controlled on the apex. It should be noted that observations by transmission electron microscopy (TEM) revealed the existence of magnetic nanoparticles acting as a catalyst on the top of CNTs. This CNT probe has been applied to MFM. We found that the resolution of the CNT-MFM probe was higher than that of a conventional probe. 8) The CNT-MFM probe resolved a stripe magnetic domain structure for ultra-high-density recording media of 1200 kfci (bit length 22 nm) much more clearly than the conventional probe. The reason this CNT-MFM probe had higher resolution was because of the small magnetic nanoparticles on the top of CNTs. It is important to understand the relation between particle size and resolution when the probe is fabricated. However, this relation has not yet been investigated. Here, we calculate the MFM signal for various sizes of magnetic nanoparticles and discuss the dependence of particle size on spatial resolution. The theoretical resolution of MFM is discussed on the basis of Porthun et al. 10) . This model is applied to calculating resolution for various shapes of MFM tips. 11), 12) Figure 1 outlines the model used to calculate the MFM signals for the CNT probe. The CNT-MFM probe fabricated by MPECVD has magnetic nanoparticle on its top. The stray field from the sample surface interacts with the magnetic nanoparticle with a radius of r. The z direction is defined perpendicular to the sample surface.
The nanoparticle is magnetized along the z-axis for Mt.
The sample is thought to have high perpendicular anisotropy, and it consists of two parallel charge sheets with opposite polarity at a distance of t. The perpendicular component of magnetization of sample Mz is given by ,
where k is the wave number and indicates the spatial frequency of the magnetization pattern. Here, no fluctuations in tip and sample magnetization have been considered. The MFM signal for a sample with a periodic magnetic surface charge density is calculated by using the equation in Porthun et al. 10) .
, (2) where µ0 is the permeability of a vacuum, Mt is the tip magnetization, and F'z indicates the maximum force derivative signal. Equation 2 is called the tip transfer function (TTF).
A minimum signal restricted by thermal noise is described by: 13) ,
where kL is the spring constant of the cantilever, kB is the Boltzmann constant, and T is the thermodynamic temperature of the tip. Here, B is the measurement of bandwidth, ω0 is the resonant frequency of the cantilever, and Q is the quality factor of the cantilever response. The A is the mean-square amplitude of the driven cantilever vibration. Resolution can be obtained from spatial frequency k in Eq. (2), which is given by a minimum signal restricted by thermal noise. The details on the method of calculation will be described later. Co was used in our previous work as a catalyst to grow CNTs. 8) Therefore, Co was assumed to be the material for magnetic nanoparticle in calculating the MFM signal. Figure 2 plots the dependence of the MFM signal obtained from Eq. (2) on spatial frequency, with parameters of Mt=1442 kA/m (Co nanoparticle), Ms=295 kA/m (CoCr thin film with thickness t of 50 nm), and a tip-sample distance of Z0=15 nm. These values for parameters are those Porthun et al. 10) , and Saito et al. cited. 11) The MFM signal in the low-spatial frequency region (<4×10 7 1/m) decreases with decreasing particle diameter D=2r, because the interacting magnetic volume decreases with decreasing particle diameter. However, the TTF curve flattens with decreasing particle diameter. The interactive area from a sample's stray field is smaller for a smaller particle diameter than that for a larger one. In other words, if the particle diameter is larger than the recorded bit length of λ/2, the magnetic nanoparticle tends to receive also from an inverse magnetic force component because Mz reverses by changing phase in the brackets of Eq. (1). Therefore, an MFM signal with a diameter of 10 nm is larger than that of 30 nm in the high-spatial frequency region (>7×10 7 4. Dependencies of λc on particle diameter for Co and FePt.
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3. Dependencies of λc on particle diameter.
calculated, the spring constant of cantilever kL is 2.8 N/m, and the resonant frequency of cantilever ω0 is 75
kHz. These parameters are the values for cantilever actually used in the previous work. 8) It is clear that λc depends on the particle diameter. Additionally, the dependence of λc on particle diameter differs at all Q-values. Figure 3 plots the dependences of λc on particle diameter. We found that there is an optimum diameter for minimum λc (maximum resolution) at all Q-values. The minimum λc decreases with increasing Q-value (broken line). For example, when Z0=15 nm, minimum λc becomes 20.7 nm for a diameter of 19.8 nm at Q=200. However, minimum λc is 13.7 nm for a diameter of 13.1 nm at Q=3000. The λc also depends on the tip-sample distance of Z0 plotted in Fig. 3(b) . The minimum λc is 8.0 nm for a diameter of 7.7 nm at Q=3000 for decreasing to Z0=8 nm. This tip-sample distance of 8 nm is the minimum distance because the mean-square amplitude of the driven cantilever vibration A in Eq. (3) is defined at 15 nm. This amplitude is usually 10-15 nm. Therefore, when based on the center of amplitude, we consider that the minimum tip-sample distance becomes ~8 nm, which is half of A. However, actual recording media have a protective layer on the surface. Therefore, the tip-sample distance may increase. In addition, the critical size of superparamagnetic particles must also be considered for small magnetic volume such as nanoparticles. This diameter is ~8.0 nm for Co nanoparticle. 14) When the tip-sample distance is sufficiently long (Z0=15 nm), the diameter with minimum λc at all Q-values is larger than the critical size of 8.0 nm. Therefore, the maximum resolution for Z0=15 nm is not restricted by the critical superparamagnetic size. For the decrease to Z0=8 nm at Q=3000, however, the diameter of 7.7 nm with minimum λc is smaller than the critical size of 8.0 nm.
The maximum resolution is only restricted by the critical superparamagnetic size. However, there is not much difference in λc between diameter of 7.7 and 8.0 nm, as these values of λc are almost the same as 8.0 nm.
Consequently, we concluded that the maximum resolution was approximately 8.0 nm under the present conditions for a diameter of 8.0 nm restricted by the critical size of superparamagnetic particle at Q=3000.
Although it was only for a short period, the nanoparticles below critical superparamagnetic size actually have residual magnetization. Therefore, if a CNT probe encapsulating nanoparticles below the critical superparamagnetic size of 8.0 nm is used shortly after fabrication, the resolution may become below 8.0 nm. However, the resolution that can be measured stably for a long period is thought to be 8.0 nm.
If measurements are carried out in air without conditions of Q control (i.e., Q=200), maximum resolution does not appear for the diameter of 7.7 nm.
For Q=200, the minimum λc of 12.4 nm is achieved for a diameter of 11.4 nm, which is larger than the critical superparamagnetic size. We found from the above calculation results that decreasing the critical size of superparamagnetic particles is also a factor in improving resolution. This size for FePt is from 2.8 to 3.3 nm, which is smaller than that for Co nanoparticle. 14) Figure 4 plots the calculated results for dependencies of λc on particle diameter for Co and FePt. The Mt is 1140 KA/m for FePt, which is smaller than that for Co. Therefore, the minimum λc of FePt becomes 8.2 nm, which is larger than that of 8.0 nm for Co. Furthermore, the diameter with minimum λc for FePt is around 8.0 nm. This diameter is similar to that of Co. These results indicate that the λc with a diameter of around 3.0 nm, which is the critical superparamagnetic size of FePt, is 10 nm.
This value is not minimum λc=8.2 nm. Consequently, resolution does not improve even if the material with a small superparamagnetic critical size is changed. 
